This paper investigates post-dam geomorphic and vegetation changes in the Sauce Grande 18
two river segments located above and below the dam, and (ii) field survey of present channel 23 conditions for a set of eight reference reaches along the river segments. Whilst the 24 unregulated river exhibited active lateral migration with consequent adjustments of the 25 channel shape and size, the river section below the dam was characterized by (i) marked 26 planform stability (93 to 97%), and by (ii) vegetation encroachment leading to alternating yet 27 localized contraction of the channel width (up to 30%). The present river displays a moribund, 28 stable channel where (i) redistribution of sediment along the river course no longer occurs and 29 (ii) channel forms constitute a remnant of a fluvial environment created before closing the 30 dam, under conditions of higher energy. In addition to providing new information on the 31 complex geomorphic response of dryland rivers to impoundment, this paper represents the 32 Water-conservation dams maintain the reservoir as full as possible and impound the entire 48 runoff volume in periods of reservoir filling (Petts, 1984) . Thus, the disparity between natural 49 and regulated flow regimes may be particularly striking in drylands (Walker et al., 1995) . 50
One particular concern is that dryland fluvial processes (and therefore the fluvial response to 51 impoundment) may be very different from those generally accepted in more humid regions 52 (Tooth, 2000b (Tooth, , 2013 Nanson et al., 2002) . Dryland rivers are characterized by extreme 53 variability in flow and sediment transport (Davies et al., 1994; Bunn et al., 2006; Young and 54 Kingsford, 2006) . Long periods of little or no flow are interspersed with floods of high, 55
sometimes extreme magnitude (Tooth and Nanson, 2000) , short duration (Graf, 1988) , and 56 low predictability (Poff and Ward, 1989) . Floods control erosion, transport, and deposition 57 This paper examines geomorphic and vegetation adjustments in a meandering dryland river 83 where (i) flow regulation is extreme and (ii) sources for flow and sediment below the dam are 84 limited to erratic reservoir discharges and reworked local alluvium because the river flows 85 without influence of tributaries. It aims to address two fundamental questions: (i) how do 86 flood-driven, dryland channels adjust their morphology in highly regulated, low stream power 87 settings with scarce influence of tributaries? and (ii) how does riparian vegetation interact 88 with (and react to) altered river hydrology and morphology in dry, highly regulated fluvial 89 settings? The study centres on the Sauce Grande River below the Paso de las Piedras Dam 90 (central-eastern Argentina) , where prior geomorphic assessment is limited to reconstructions 91 of Quaternary fluvial processes at the broad scale of the river basin. Change in channel 92 geometry (planform and cross section) and riparian vegetation structure are quantified 93 simultaneously above and below the dam using a sequence of rectified aerial photographs and 94 high-resolution imagery spanning pre-and post-dam channel conditions. Changes as a 95 function of distance downstream from the dam are also examined. 96 97 2. Materials and methods 98
Study site 99
The Sauce Grande River collects its waters on the eastern slope of the Sierra de la Ventana 100
Range and flows down into the Atlantic Ocean draining a basin area of ~4600 km 2 (Fig. 1) . 101
The climate in the majority of the river basin is dry-subhumid. Mean annual rainfall decreases 102 from 800 mm in the uplands to 640 mm in the lowlands, and mean annual potential 103 evapotranspiration is 1030 mm (Paoloni et al., 1972) . Interannual rainfall variability is 104 marked and linked primarily to alternating phases of ENSO (Scian, 2000) , inducing episodes 105 of drier-and wetter-than-normal climate (Campo et al., 2009; Bohn et al., 2011) . Recurrence 106 of drought and increasing water demand owing to population growth very seriously impact on 107 local water resources (Andrés et al., 2009) . 108 109 Fig. 1 . Map of the Sauce Grande River basin showing main regional features (left) and the 110 river segments selected for analysis (right) . The location of reference river reaches (R) along 111 each river segment is also illustrated. US, MS and LS in the left map designate the upper, 112 middle, and lower river sections, respectively. 113
Hydrological context 114
The natural river flow regime is perennial flashy (rainfed) and event-driven. Mean daily flow 115 is 3.4 m 3 s -1 , but floods may reach more than 1000 m 3 s -1 in a few hours (Schefer, 116 2004 ). The Paso de las Piedras Dam (initiated in 1972 and completed in 1978) impounds the 117 middle river section for water supply to the cities of Bahía Blanca and Punta Alta (Fig. 1 ). Its 118 reservoir has a surface area of 36 km 2 and a maximum storage capacity of 328 m 3 10 -6 for 25 119 m depth (Schefer, 2004) . Annual yield to meet water demand is 65 m 3 10 -6 ; this is about 60% 120 of the mean annual inflow volume (107.2 m 3 10 -6 ). The remaining volume is conserved within 121 the reservoir to assure water supply in periods of drought; flow release downstream occurs 122 only in periods of full storage. Water is conducted either through the bottom gate (controlled 123 flow releases) or through the overflow spill weir (uncontrolled release). 124 Gauged and estimated reservoir discharges indicate that the reservoir has absorbed the full 127 range of inflow volumes over 19 years of record (48%). In years recording reservoir 128 discharges, annual runoff volumes were reduced by 54%, annual maxima were reduced by 129 42%, and annual minima were reduced by 86%. The reservoir history registers only two 130 episodes of overflow spills (1984 and 2002) , during which the flood wave was attenuated by 131 31 and 34%, respectively. In the absence of flow release, downstream flow averages 0.26 m 3 s -132 1 and originates from reservoir seepage below the dam structure. Except for some ephemeral 133 tributaries, the Sauce Grande River receives no permanent flow inputs until its confluence 134 with de las Mostazas Creek (lower river section; Fig. 1 (Borromei, 1991) . were dominant processes during the post-disturbance phase ). Yet four out of five 279 cutoffs displayed a human-related origin (e.g., two major cutoffs facilitate canalization of dam 280 spills; Fig. 5 , Ex. 7). Percentage of channel abandonment was five times that of channel 281 creation (7.4 and 1.4%, respectively), and the channel sinuosity was reduced by 2.7%. 282
Width change 283
Upstream from the dam, coupled channel widening and narrowing occurred during both 284 comparative periods with a tendency to narrowing during the second comparative period ( 
Vegetation changes 315
An overall tendency to vegetation growth was observed simultaneously upstream and 316 downstream from the dam (Table 2 ). Yet there were marked upstream-downstream 317 differences concerning (i) the spatial extent of vegetation growth, (ii) the nature of vegetation 318 transitions, and (iii) the patterns of vegetation establishment. 319
First, the expansion of woodlands within the river corridor downstream from the dam was 320 four times smaller than that observed within the unregulated river upstream (91 and 397% 321 between 1961 and 2004, respectively), and the surface area occupied by woodlands in 2004 322 was 53% of that observed upstream (Table 2 ). Yet the proportion of woodlands as percentage 323 of total river corridor surface area in 2004 was similar for both river environments (23 and 324 28%, respectively). 325 Second, the river corridors upstream and downstream from the dam revealed contrasting 330 trends in vegetation dynamics (Fig. 7) . Other than the expansion of agricultural lands over 331 grasslands (583% between 1961 and 2004; Table 2), the most important transitions 332 downstream occurred from water surfaces to woodlands (38%). This suggests a tendency for 333 woody vegetation establishment within the river channel, near to the water surface. A 334 moderated tendency for woody vegetation growth over former bare banks (18%) and 335 grasslands (16%) was also identified. Yet the expansion of woodlands over these landscape 336 units was notably less significant than that observed within the river corridor upstream from 337 the dam (Fig.7) . Upstream, woodlands expanded within the river channel and the floodplain, 338 covering 33% of former grasslands and 57% of former bare banks. 339 
Discussion 388

Geomorphic response of the Sauce Grande River to flow regulation 389
The construction and operation of the Paso de las Piedras Dam led to substantial changes in 390 the hydrology of the Sauce Grande River downstream. The frequency and magnitude of 391 floods were dramatically reduced, and the permanence of low flows increased significantly. 392
Although the sediment trapping efficiency of the reservoir may be assumed as near 100% 393 (Petts, 1984; Williams and Wolman, 1984) , this study postulates that under conditions of 394 extreme reduction in flow discharge, the impacts of the dam on the sediment transport 395 capacity of the stream were more significant than those on the sediment load. 396
If reduction in flow discharge is greater than that in sediment load, then one would expect a 397 dominance of aggradation processes over erosion and scour (Petts, 1979; Brandt, 2000) , as 398 well as a tendency to channel narrowing and vegetation encroachment over bank deposits 399 increasing the channel roughness (Petts and Gurnell, 2005) . The geomorphic response of the 400 Sauce Grande River, however, was characterized by (i) marked channel stability, (ii) 401 vegetation encroachment reflecting (and influencing) channel stability, and (iii) localized 402 reduction of the pre-dam channel capacity owing to vegetation growth. The following 403 sections expand on these findings and compare the geomorphic response of the Sauce Grande 404
River to other impounded rivers in dryland regions (Table 3) . 405
Channel stability 406
One of the most common consequences of impoundment of meandering rivers in drylands is 407 the reduction of lateral migration rates (e.g., the upper Missouri and many other meandering 408 rivers within the American Great Plains; Table 3 ). Within the regulated Sauce Grande, 409 however, lateral channel migration was not reduced but inhibited. Any evidence of lateral 410 channel activity constrained to the phase of pre-and early disturbance and major planform 411 changes observed during the post-disturbance phase -such as meander cutoff and 412 abandonment of meander bends -revealed a human-related origin in 80% of cases. Planform 413 stability has been reported for very few meandering rivers (e.g., the lower Murray; Table 3 ) 414 and appears to be a more common consequence within regulated braided rivers (e.g., Orange 415 and Durance rivers; Table 3) . 416
Moreover, studies on impounded dryland rivers subject to reduced and overloaded flows have 417 reported a substantial reduction of the channel capacity owing to lateral and vertical accretion 418 (e.g., Rio Grande, Green, and Medjerda rivers; Table 3 ). In opposition, the regulated Sauce Two interrelated processes explain marked planform and cross section stability in the river 437 section below the dam. First, the morphology of the unregulated Sauce Grande is driven by 438 floods of high relative magnitude and low frequency common to most dryland rivers (Graf, 439 1988; Tooth, 2000b; Nanson et al., 2002; Tooth, 2013) . Since the Paso de las Piedras Dam 440 retains nearly the full range of floods, the processes promoting migration of meanders bends 441 and adjustments of the channel cross section downstream were heavily truncated. As a result, 442 the broad morphology of the regulated Sauce Grande remained unchanged since dam closure 443 and is likely to exhibit stable conditions until a geomorphically significant flow event occurs. 444
Second, reduction of the magnitude and frequency of morphogenetic flows should promote 445 channel aggradation. However, and as reported by Petts (1979) , channel aggradation below 446 dams requires introduction of sediment from tributaries and/or redistribution of sediment 447 within the channel. Within the regulated Sauce Grande both processes are unlikely. The river 448 below the dam flows for the majority of its course without influence of tributaries and, in the 449 absence of reservoir discharges, sources for water and sediment are limited to (i) reservoir 450 seepage, (ii) groundwater inflows, and (iii) overland flow along the river course. Combined 451 with the endogenous production of organic matter, these processes could explain bed 452 deposition of very fine materials. On the other hand, redistribution of sediment within the 453 regulated river channel is unlikely because the regulated flow is incompetent to rework the 454 pre-dam channel forms. surfaces that are no longer subject to flood disturbance. Farther downstream, the channel is 499 narrower and deeper, which makes the area available for vegetation establishment relatively 500 small. Hence, willows develop discontinuously near the water surface where the bank slope 501 decreases and the soil moisture is high. This aspect explains the high percentage of transitions 502 from water surfaces to woodlands (38%) within the river corridor downstream. 503
Reduced channel capacity 504
Most studies on regulated dryland rivers have documented reduced channel capacity owing to 505 channel aggradation, with vegetation invasion and stabilisation of lateral deposits (e.g., 506
Mangrove Creek and Cudgegon River in Australia, Chubut River in Argentina, Mejerda River 507 in Tunisia, and many others; Table 3 ). Within the regulated Sauce Grande, where 508 redistribution of sediment no longer occurs and so stable conditions prevail, reduced channel 509 capacity was primarily related to alternating yet localized vegetation encroachment on the 510 channel banks. Vegetation encroachment was apparent over the first 10 river km below the 511 dam, there where the pre-dam channel shape provided suitable surfaces for vegetation 512 establishment. Downstream thereafter, the channel is too narrow to allow vegetation growth, 513 and discontinuous patterns of vegetation establishment prevailed. In channel sections with 514 little vegetation, field survey revealed formation of small terrace edges on channel banks (e.g., 515
R6, Fig. 10 ). Although these terraces are too small to be captured by photointerpretation 516 analysis, they suggest that the banks that have been mapped as a basis for measuring width 517 were conceivably pre-dam banks that have been abandoned as a result of narrowing. If these 518 banks were abandoned, then they would not display any changes in width, but the river would 519 have formed a narrower channel within the abandoned banks. This aspect is evidenced by the 520 fact that the river is actively wandering within the channel (Table 1 ) and hence suggests that it 521 has created a new, narrower channel within the old one. 522
Present geomorphic state 523
The present river constitutes a low-energy stream characterized by marked channel stability. 524
The floodplain is reduced or absent for much of the river course, and vegetation encroachment 525 on channel banks leads to localized contraction of the pre-dam channel capacity. As outlined 526 above, marked channel stability responds to extreme flow regulation in a river section where 527 the influence of tributaries is scarce. Yet the dam history registers erratic, albeit significant 528 episodes of reservoir discharge and two episodes of overflow spill that resulted in 529 downstream flooding. The question at this point is why these episodes of relative high flow 530 did not initiate channel adjustments? We have two possible explanations for apparent channel 531 stability during periods of flow release from the dam. First, the river channel in the vicinity of 532 the dam has been strongly altered by humans to facilitate evacuation of reservoir discharges 533 (e.g., artificial channel deepening, meander cutoff, levee building). Humans have done what 534 the river would have done by itself; the difference in this instance is that the sediment 535 recovered was not redistributed downstream but rather deposited into the levees constructed 536 along the river course to prevent overbank flowing. Second, vegetation growth alongside the 537 stream has conceivably increased the channel roughness and the resistance to erosion of bank 538 materials. In dryland rivers, where complexity and irregularity in morphology, hydrology, and 539 riparian vegetation are the norm (Sandercock et al., 2007) , biostabilisation of channel banks 540 and maturation of individuals may contribute to increased thresholds for geomorphic activity 541 (Corenblit et al., 2010) . 542
In opposition to these assumptions, however, artificial levee building has been reported to 543 increase rates of bank erosion because the unconsolidated sediment was easily eroded once 544 bank-full flows occurred (Leeks et al., 1988) . Furthermore, the comprehensive review of 545 Tooth (2000b) on dryland rivers outlined that even channels heavily vegetated with perennial 546 or ephemeral trees, shrubs and grasses are sometimes subject to flood-related changes (p. 547 83). These aspects raise two important questions. First, even if vegetation did provide an 548 element of resistance to bank erosion, was the maturation of individuals rapid enough to 549 prevent the levees from being eroded? Second, even if channel banks were biostabilised, was 550 vegetation establishment significant enough to increase thresholds of geomorphic activity? As 551 reported by Petts (1980) , the potential for change in regulated rivers depends not only on the 552 channel morphology and materials, but also on the frequency and intensity of competent 553 discharges below the dam. In drylands, this aspect is particularly relevant because a 554 'competent discharge' may be an infrequent, large flood unrepresentative of a more common 555 range of floods (Tooth, 2000b) . Accordingly, marked channel stability within this highly 556 regulated dryland river may be interpreted within a model of channel adjustment relative to 557 the frequency and intensity of competent floods with time and distance from dam closure 558 ( Fig. 11) . 559 The unregulated Sauce Grande is in a transient, unstable state (sensu Tooth and Nanson, 566 2000) where complete adjustment of form to process is inhibited until a geomorphically 567 significant flood event occurs. After impoundment by a large surface-area, water-storage 568 reservoir such as Paso de las Piedras, competent floods downstream are unlikely. The channel 569 morphology will not change, and downstream flows will simply accommodate within the 570 existing channel form. As the regulated Sauce Grande receives no major tributaries, the 571 probability of competent floods decreases with distance downstream and so stability will 572 prevail throughout all reaches (Fig. 11) . 573 In addition to enhancing the variability of natural flows (small floods are absorbed within the 580 reservoir, and large floods are either absorbed or markedly reduced), reservoir operations are 581 affected by the effects of ENSO-related cycles of drier-(or wetter-) than-normal climate. 582
Reservoir discharges during dry spells are unlikely, and if a reservoir discharge is to occur, its 583 magnitude will be most likely below the threshold for geomorphic activity. Thus, the time-lag 584 before channel changes initiate may be considerably longer than in more humid rivers having 585 the propensity to accommodate change, and longer than in dryland rivers regulated by dams 586 having less effects on the frequency and intensity of competent floods downstream. In the 587 absence of competent floods with time, the channel morphology will not change and the river 588 will exhibit stable, moribund conditions. Thorne et al. (1996) defined moribund channels as 589 those that are not strictly alluvial because the observed channel form is the result of processes 590 that operated in the past under conditions of higher energy and/or more abundant sediment 591 supply, so that the geometry and features of the channel are relics of a fluvial environment 592 that no longer exists (p. 471). Accordingly, channel forms will not reflect the regulated flow 593 regime but the effects of the last major flood before closing the dam, and the only remarkable 594 change throughout the reaches will be determined by vegetation invasion and stabilisation of 595 channel banks in sections where the pre-dam channel shape allows vegetation establishment 596 ( Fig. 11 ). Assuming that dam operation procedures will not change in the future, moribund 597 stability will remain indefinitely and if recovery is to occur at all, further human intervention 598 through river restoration is essential (Thorne et al., 1996, p. 471) . 599
Yet a geomorphically significant flood is likely to occur with time ( Fig. 11 ). If so, degradation 600 may occur immediately below the dam (reach 4) increasing channel depth and width. 601
Differential erosion by meander migration may produce localised changes of the channel 602 width in reach 5. Given the low energy of the river section below the dam, the eroded material 603 will be deposited in reach 6 and, within the distal reaches, the channel morphology will not 604 change. Tooth (2000a) reported that in dry, lowland zones with absence of tributaries, 605 channels were stable because of the effects of flow transmission losses and attenuation of 606 flood hydrographs. Although the most obvious spatial comparison contrasts river reaches 607 upstream and downstream from a dam (Braatne et al., 2008) , channel stability in this low-608 gradient lowland river section probably existed prior to dam closure and will remain unless a 609 high-magnitude, low-frequency flood event occurs. 610 611
Conclusions 612
This paper provided a detailed geomorphic and vegetation assessment within an impounded 613 meandering dryland river where (i) flow regulation is extreme and (ii) the influence of 614 tributaries in the river section below the dam is scarce. In addition to providing new 615 information on the complex geomorphic response of dryland rivers to impoundment, it 616 provides the first geomorphic assessment of the regulated Sauce Grande River. Results from 617 this investigation revealed that aside from human-related adjustments of the channel planform 618 and cross section, the river response to upstream impoundment was characterized by marked 619 channel stability. Because the reservoir impounds nearly the full range of flows and the 620 totality of sediment delivered from the headwaters, redistribution of sediment in the river 621 section below the dam no longer occurs and stable conditions prevail. The present river 622 morphology constitutes a remnant of a fluvial environment created before closing the dam, 623 and the only remarkable change observed since dam closure was reduced channel capacity 624 owing to vegetation encroachment on the channel banks. Vegetation growth alongside this 625 much-reduced stream has been encouraged by maintenance of base flow levels and reduced 626 flood disturbance. Yet vegetation develops only in river sections where the pre-dam channel 627
